A drilling campaign was recently undertaken by Shell Oil Company in a region with high surface and submerged currents. The water depth ranged from 5500-7000 ft at the various well sites in the region. Strong surface currents with maximum speeds of 4.5-5.0 knots were measured using an Acoustic Doppler Current Profiler (ADCP). In addition, submerged currents with maximum speed of around 1.5 knots were recorded. High fidelity Subsea Vibration Data Loggers (SVDLs) were used to monitor the in-situ riser and BOP stack vibrations due to the arduous current environment, as well as wave and vessel-driven motions.
Introduction and Literature Review
The oil and gas industry continually pushes the frontier of exploration and production into more challenging regions. Drilling in these locations often involves deeper water, harsher wave and current environments, uncertain soil properties and longer drilling durations. In addition BOP stacks have become larger and more massive on 6 th generation drilling rigs. Due to these factors, wave and vortex shedding fatigue damage predictions using industry standard methods are increasingly indicating unacceptably low fatigue life.
Low fatigue life predictions can be rectified several ways. One method is to limit fatigue loading and increase the fatigue resistance of the wellhead and upper portions of the conductor and surface casing strings. Toward this end, the sensitivity of design details, such as selection of rig, riser and BOP stack; seasonal variation in loading conditions; conductor size; weld classification; location of welds and connector stress concentrations; and conservatism in design data were investigated in reference [1] . Among other findings, it was stated that fatigue damage rate increases by a factor of 25 when a DNV-F curve is used in place of a DNV-C curve. This finding highlights the importance of weld enhancement method, such as grinding and NonDestructive Evaluation (NDE). The increase in fatigue damage rate in water depth up to 1640 ft (500 m) due to use of a 6 th generation drilling rig compared to a 3 rd generation rig was investigated further in references [2, 3] . Fatigue damage levels were reported to increase by a factor of 12-23 with the 6 th generation rigs. The most influential factor was stated to be the size of the BOP stack, which, by itself, was found to increase fatigue damage rate by a factor of 17. Further effects of 6 th generation drilling rigs, specifically the direct acting tensioner and hull shape, were investigated in reference [4] . Reference [5] provides a comprehensive discussion of factors affecting wellhead fatigue. In addition to items already mentioned in this section, the reference discusses the effect of soil strength, wellhead design (rigid or non-rigid lockdown), and fatigue resistant connectors on wellhead fatigue life. The effects of wellhead stick-up and cement level are described in reference [6] .
Another approach to increasing predicted fatigue life is to recognize the inherent conservatisms in industry standard analysis methods. Reference [5] discussed several conservative assumptions built into fatigue analysis: assumption of high connector stress concentrations without fatigue testing, assuming worst-case cement level around surface casing and casing preload, use of lower bound soil data, conservative assumptions on wave loading. Furthermore, due to the inaccessibility of the wellhead, conductor and casing for inspection, a safety factor of 10 or more is typically used on fatigue life, as recommended by API, [7] . Additional conservative assumptions are made for Vortex Induced Vibration (VIV) analysis, including: light damping, upper-bound lift coefficients, large power-in region, modest suppression efficiency, etc. On top of these conservative assumptions, a factor of 20 is often used for VIV induced fatigue to cover additional uncertainty. As the knowledge-base increases, largely due to in-field measured data, efforts are made to reduce the conservatism in analytical predictions.
For cases where fatigue life prediction results in marginal remaining fatigue life due to significant uncertainties, structural and environmental monitoring can be effectively employed in a fatigue tracking scheme to ensure that fatigue life consumption remains within allowable limits. Reference [5] categorizes monitoring efforts into three categories.
• ROV Observations: Video collected by an ROV sitting on the seafloor is analyzed to determine wellhead motions. Such data can be used to determine rough estimates of stress and fatigue damage rates or compared to predictions from prior analysis to ensure motions are within expectations.
• Environmental Condition Monitoring: Waves can be measured using wave radar. Current speed and profile can be measured using Acoustic Doppler Current Profilers (ADCPs). Dynamic vessel motions can be recorded using 6 Degree of Freedom (6DoF) sensors, installed on the rig. Finite Element (FE) analysis can then be used to determine the riser/wellhead/casing system stresses and fatigue using the measured data as an input to the analysis. • Structural Monitoring: Component level motion and/or strain measurements are collected on the riser, BOP stack and wellhead. Typically accelerometers and angular rate (or inclinometers) are used to characterize component and global motions. Strain gages are typically used to monitor hot-spot stresses. Motion and strain data can be used directly to track stresses and fatigue damage in the riser/wellhead/casing system. A typical sensor layout for a structural monitoring system was provided, along with some limited measured vs. analytical results comparisons for a damping calibration exercise.
A case study was presented in reference [8] where triaxial accelerometer data was measured above and below the lower flexjoint (just above the BOP stack). Comparisons were made between measured and analytically predicted accelerations for five seastates (wave and current conditions). Significant wave heights varied from 4.2 to 23.0 ft (1.3 to 7.0 m). Contrary to expectations, the measured accelerations were found to be 3.5 to 6.0 times larger than the analytically predicted accelerations near the BOP stack, despite an over prediction by a factor of 2 in the riser fatigue near the sea surface. Equally perplexing is the observation that the measured acceleration levels apparently do not change with wave height. Despite reanalysis with lower bound soil stiffness, the measured dynamic accelerations appear to be 2 to 5 times larger than the revised analytical predictions.
From information found in the literature, it is evident that measured motion data has thus far been used in an indirect way to assess wellhead fatigue damage. In this paper, a method is provided for direct fatigue damage assessment of the wellhead and upper conductor and surface casing strings using measured acceleration data on the BOP stack. Calibration of SHEAR7 v4.2 software, [9] , parameters, used to perform analysis when measured motion data is not available, is also discussed. The application of the method during a drilling campaign in a region with strong surface and submerged current is presented.
Fatigue Damage Reconstruction from Measured Accelerations
High cycle fatigue is most typically calculated from stress cycle ranges, obtained from the time history of the stress at locations of interest. Stress histories can be predicted analytically or calculated from measured strain data using constitutive relations. However strain measurement in the offshore environment is a challenging task, due to the delicacy of strain gages and the need for bonding onto the material of the structure or equipment, coupled with the rigors of installation activities and the harshness of the environment. It is far more expedient to measure structural motions using a combination of accelerometers, angular rate sensors, and inclinometers. Such sensors are accurate and robust and are not required to be bonded directly to the structure, though they must be mounted through a relatively stiff fixture such that the motions of the structure are rigidly transferred to the sensors.
The drawback of measuring motions rather than strain is that stresses (and therefore fatigue damage) are not directly related to the measured quantity. The stress field must be deduced from the measured structural response using a semianalytical method (hybrid analytical/empirical method). Due to BOP stack proximity to the wellhead and the conductor and surface casing, the BOP stack motions are directly related (highly correlated) to wellhead and conductor/casing stresses at a given frequency of oscillation. Since BOP stack motions are greatest at the top of the stack, it is advantageous to place sensors near the top of the Lower Marine Riser Package (LMRP). This serves as the reference location where motions are known by measurement.
Relationship between Measured Motions and Stresses
The relationship between the measured accelerations at the reference location and fatigue hotspot stresses can be determined by developing a Transfer Function (TF). (This is a slight abuse of terminology, since transfer function classically refers to the Laplace transform of a system response to system input. In industry the term "transfer function" is used loosely to refer to a method of determining a response of interest from a reference response or input.) A straight-forward approach to developing such a TF is by use of frequency response analysis, as is appropriate for stationary random vibration. For a linear system, the response of interest, x(ω), is computed from the input force, f, and the complex-valued Frequency Response Function (FRF), ۶ሺ߱ሻ, by, ‫ܠ‬ሺ߱ሻ ൌ ۶ሺ߱ሻ ሺ߱ሻ .
(1)
In the equation above, ω is the circular frequency (2πf) in units of radians/second and bold symbols are used to denote vectors and matrices. The FRF for an input force at DoF i and response of interest at DoF o is given in terms of the modal parameters by summing the modal contributions,
Here ݆ ൌ √െ1 is the imaginary unit, the subscripts refer to elements of vectors or matrices and the superscript, t, represents the response type as will be subsequently made clear. The n th modal natural frequency, fraction of critical damping and mass-normalized mode shape are given by ߱ , ߞ and , respectively. Natural frequencies and normal mode shapes are typically obtained by solving the generalized eigenvalue problem involving the mass and stiffness matrices from an FE model. Damping values are typically determined using standard values for structural damping and empirical correlations for hydrodynamic damping (e.g., drag coefficient). The output influence matrix, શ, determined from the mode shapes, depends on the type of response desired. For displacement, gravity-adjusted acceleration and stress the n th column of the influence matrices are constructed as follows,
In the above, the superscripts d, ag, and s represent displacement, gravity-adjusted acceleration and stress, respectively. Superscripts r and c represent rotation and curvature, respectively. The symbols E and D represent the modulus of elasticity and the outer diameter, respectively. The prime symbol represents differentiation with respect to the riser axis and the approximations hold for small deflections. Note that the gravity adjustment for acceleration response is necessary because accelerometers will measure the gravitational body force component (g*sin(θ)) as the structure rotates. Alternatively, this effect can be removed from the measured data if inclinations or angular rates are also measured at accelerometer locations.
For illustration purposes, it is assumed that accelerations are measured at the reference location. One may consider constructing the complex-valued TF by choosing a representative input force location and taking the ratio of the stress FRF at the hotspot location, ‫ܪ‬ ௦ ሺ߱ሻ, and the gravity-adjusted acceleration FRF at the reference (sensor) location, ‫ܪ‬
ሺ߱ሻ.
Assuming that accelerations are measured, the expression becomes,
This was done using a FE model of a typical drilling riser in 6210 ft of water for three selected input force locations near the top of the riser. The reference location is the top of the LMRP and the fatigue hotspot location was selected to be in the high pressure housing. A damping level of 1% critical was assigned to all modes. The stress and gravity-adjusted acceleration FRF magnitudes are shown in Figure 1 . Resulting transfer functions are shown in Figure 2 . It can be seen that the TF varies somewhat with the selected input force location, resulting in slightly different TFs for each choice of force location. It can be noted that there is also a slight dependence on damping that can be ignored as long as damping is light (i.e., less than about 10% critical). Furthermore some disturbances in the smoothness of the transfer functions can be seen. For example, disturbances can be seen in the TF magnitude and phase for force elevation 1 (blue traces) in Figure 2 at 0.22 Hz and 0.48 Hz. Referring to Figure 1 , it can be seen that these features coincide with dips in the FRF magnitude. Such dips occur because the modes in the vicinity of the two frequencies cannot be excited well by applying a force at location 1. This is due to the fact that location 1 is near a node of vibration in the vicinity of the two frequencies. (Dips in the FRF magnitude can also occur because the desired output response location is near a node of vibration.) Similar features can be seen in the TFs and FRFs for the other two choices of input force location. Due to this issue, an alternative method was developed. Natural modes of marine risers are fairly uniformly spaced in frequency and lightly damped. Frequency spacing and damping are such that the natural frequencies are close together, but not close together enough to result in excessive overlap in modal contributions to the FRF. Therefore when the frequency, ω, is close to the n th natural frequency, ω n , equation (2) can be approximated as,
Using the approximation in equation (5), equation (4) simply becomes the ratio of the output influence matrices,
The TF given by equation (6) is real-valued. A value for the TF can then be constructed at each natural frequency by applying equation (6) . Because the natural frequencies are fairly closely spaced at uniform intervals and the TF varies smoothly with frequency, the values of the TF can be linearly interpolated at any desired frequency, ω, resulting in the smooth TF, T or (ω). This modal (mode-by-mode) method was used to calculate the smooth TF in Figure 3 . The modal TF is also shown in magnitude/phase form (red curves) in Figure 2 for comparison with the previous TFs. It can be seen that the phase is either 0 or 180 degrees, as determined by the sign of T or (ω). The abrupt shift in phase at 0.29 Hz is simply due to a change in the sign of curvature as the hotspot passes through an inflection point. The curvature sign change is evidenced by the two mode shapes depicted near the mud line in Figure 4 . The hotspot stress Fourier spectrum, s o (ω), is estimated from the reference acceleration (with gravity component) Fourier spectrum, a r (ω), using the TF. Then the stress time history, s o (t), is computed using the Inverse Fast Fourier Transform (IFFT),
The method can be applied for any type of measured motion, including displacement, inclination or angular rate by using the appropriate influence matrix in the denominator of equation (6) . Similarly, other responses of interest, besides stress, can be obtained by using the appropriate influence matrix in the numerator of equation (6) . If multiple sensors are employed to measure motions, a least squares scheme can be used to estimate the desired responses using measured reference motions and TFs, T or (ω), at several values of r. This simply amounts to averaging the s o (ω) values obtained using each of the reference motion locations separately. The method may be used with equal utility in both drilling and production activities, though the discussion in this paper focuses on drilling applications.
Care must be taken when attempting this approach for extremely shallow water risers, as the modal density is sparser. It is worth reemphasizing that the reference location motions must be highly correlated with the hotspot stresses at all excited frequencies. For this reason it is prudent to place sensors in close proximity to the fatigue hotspots, especially for long, flexible risers exhibiting complex traveling wave behavior for several excited frequencies. In addition, a linear relationship is assumed between motion of the reference location and hotspot stress at each frequency. Extra consideration must be observed when applying this method on non-rigid lockdown wellheads where cement between the conductor and surface casing does not preclude relative motion between the High Pressure Housing (HPH) and Low Pressure Housing (LPH) of the wellhead (cement shortfall exists). In this case, forces an moments may be reconstructed (instead of stresses) from a linear system model. Then wellhead stresses can be recovered by applying the forces and moments on a nonlinear wellhead submodel. Because analytical mode shapes are used to determine stresses from measured motions, it is crucial that the FE model be verified using measured data and refined as necessary for accuracy.
Stress and Fatigue Damage Reconstruction
Throughout the riser deployment period, stress and accumulated fatigue damage can be reconstructed using the scheme outlined below. Note that prior to running the analysis, a database of mode shapes and natural frequencies is generated for varying Top Tension (TT) and Mud Weight (MW), covering the range of likely values used at the site. The modes are generated for a given value of TT and MW from a FE model of the riser/BOP/wellhead/casing/soil system.
• For each hour of data do the following Obtain the set of riser modes whose TT and MW values most closely match measured values Compute the stress over motion TFs for each hotspot location using the method in the previous section Determine the hotspot stress spectra and time histories using equation (7) Compute the one-hour fatigue damage increments using the S-N approach by rainflow cycle counting or spectral methods Sum up the one-hour damage increments for each hotspot • Arrive at fatigue life consumed over the entire measurement period at each hotspot Note that the method is applied for all possible fatigue hotspots in the wellhead region. Typical fatigue hotspots for wellheads and casing include interior grooves and shoulders in the wellhead, LPH to conductor weld, HPH to surface casing weld, conductor and casing connector welds and threads, additional welds for extensions, gimbal profiles, cement return ports, etc., [1, 5, 6, 8] .
Measured motion data can also be used to calibrate parameters of analytical models such those in SHEAR7. This can be done by adjusting parameters until predictions obtained from the model driven by ADCP current measurements match the measured responses over a range of varying current conditions. Some of the parameters in SHEAR7 that may be calibrated in this manner are: Strouhal number, modal power cutoff ratio, reduced velocity bandwidth, hydrodynamic damping coefficients and lift coefficients.
Application at High Current Drilling Site
A 6 th generation DP drillship was commissioned to drill several wells in a region with high surface and submerged currents and water depth ranging from 5500-7000 ft. The first well was located in 6210 ft of water. High fidelity ROV installable/retrievable Subsea Vibration Data Loggers (SVDLs), [10] , were used to measure the BOP stack accelerations at the top of the LMRP. In addition SVDLs were placed on the riser and vessel. The SVDL on the drillship was used to characterize the drillship response to waves and aid in determining the cause of wellhead and riser vibrations. The purpose of the SVDLs placed on the riser is twofold: to characterize the global riser and wellhead system response, thereby providing context for the measured BOP stack response; to provide data for riser fatigue damage reconstruction. SVDL locations are provided in Table 1 . Installation photos are provided in Figure 5 . In addition to the SVDLs, the wellhead motion was monitored via ROV camera and the current profile was recorded using ADCP instrumentation. 
Analysis of Current and Acceleration Data from SVDL Deployment One
During drilling operations on the first well, surface and submerged current increased substantially due, in part, to the presence of a ring current in the region. ADCP data was collected beginning part-way through the first month of drilling activities at the site. Current profile data over time is depicted in Figure 6 (left), where the color represents the current speed in knots. (Note that some data has been flagged as suspect and is not shown, leaving blank spaces in the plot.) It can be seen that a strong surface current exists above a 350 ft depth, with maximum current speed around 4.5-5.0 knots at the surface. In addition, a submerged current of moderate speed develops around the 9 th day of the month with speed around 1.5 knots between 700 and 1500 ft. The submerged current extends in depth to over 2000 ft and dissipates in speed as time goes on. By the 20 th day of the month, the submerged current subsided to more typical speeds below 0.5 knots. In order to determine expected vortex shedding frequencies for the riser, the current profiles were converted to Strouhal shedding frequency using the relation ݂ ௦௧ ൌ ‫ݐܵ‬ • ܸ ‫ܦ‬ ⁄ , where St is the Strouhal number, V is the velocity and D is the hydrodynamic diameter. In the calculations, a Strouhal number of 0.18 was used and the OD of the joint axillary lines or buoyancy module were used, as appropriate at each elevation. The predicted shedding frequency is shown in Figure 6 (right). A red rectangle is used to highlight the region of high shedding frequency at the surface of 0.18-0.3 Hz. A black rectangle is used to delineate the region of lower shedding frequency in the depth range from 500 to 2500 ft. Here the shedding frequency ranges from 0.02 to 0.11 Hz. Due to strong surface currents at the site, Vortex Induced Vibration (VIV) of the drilling riser was observed in the moonpool during the second half of the month, continuing into the following month. Observed vibration frequencies were around 0.2-0.3 Hz. A Time Frequency Distribution (TFD), a.k.a. spectrogram, was calculated from the measured acceleration data using the well-known Short Time Fourier Transform (STFT) method. The TFD from SVDL SN-009, located on the top of the LMRP, is shown in Figure 7 (left). The color represents the intensity of acceleration "energy". Two distinct bands of energy are visible. High frequency energy between 0.18 and 0.30 Hz is outlined with a red rectangle and lower frequency energy from 0.02 to 0.11 Hz is depicted with a black rectangle. By tracing the dominant energy (yellow/orange/red colors), it can be seen that the excited frequency (and therefore vibration mode) varies with time, and at times, two or more peaks in the energy (excited modes) are present simultaneously in each outlined region. The presence of several excited modes can also be seen in the Power Spectral Density (PSD) plot during a one hour period on day 16 in Figure 7 (right). It is also evident that the y-direction (cross-flow direction) response is dominant, z-direction (inline-flow direction) is moderate and the x-direction (vertical response) is negligible. Comparing the outlined regions in Figure 6 and Figure 7 , it can be seen that the high frequency vibration is due to the strong surface current, while the lower frequency vibration is caused by the submerged current. The shedding frequency associated with the surface current was predicted to be 0.2-0.3 Hz. Indeed the frequency range measured by the SVDL is seen to be the same. Observe in Figure 6 that the shedding frequency for the submerged current started out at around 0.1 Hz on the 9 th day of the month and reduced below 0.05 Hz by the 20 th . This same trend in frequency of vibration was recorded by the SVDL, as evidenced in Figure 7 .
It can be seen that the majority of the acceleration energy is contained in the 0.18-0.3 Hz bandwidth in the second half of the month, as indicated by the orange and red color. It does not necessarily follow that the displacement or stress energy is dominated by the higher frequency band, however, as accelerometers are sensitive to high frequency motions. Due to the shape of the TF in Figure 3 , the relative importance of high frequency acceleration energy (0.18-0.30 Hz) to stress and fatigue will be diminished and the relative importance of the lower frequency acceleration energy (0.02-0.11 Hz) will be enhanced.
Sensitivity of Wellhead Stress and Fatigue to Frequency of Vibration
In order to further investigate the sensitivity of wellhead stress to frequency of vibration, the unfactored stress at the overall fatigue hotspot is plotted in Figure 8 (left) for each mode of the riser/BOP/wellhead/casing system. (Note that unfactored stress does not have a stress amplification factor applied to cover local geometric effects that are not included in FE modeling.) The overall fatigue hotspot is located in the HPH body 5.5 ft above the mud line. The acceleration and displacement at the SVDL location on the LMRP are also provided for reference. Mode shapes were normalized such that the maximum displacement in the upper half of the riser (where excitation occurs) is one foot for each mode.
The peak in the modal stress around 0.16 Hz coincides with the "flagpole" mode of the BOP stack, wellhead and casing. (The flagpole mode is the first-order bending mode of the BOP, wellhead, casing and soil subsystem without the riser.) The BOP stack exhibits a large amount of motion for system modes in the vicinity of the flagpole frequency (0.16 Hz) due to a decrease in the dynamic stiffness, leading to large stresses in the wellhead. For this reason, the wellhead is sensitive to excitation near the flagpole frequency. Figure 8 (right) illustrates the displacement at the top of the LMRP using a star for three modes: below flagpole frequency, at flagpole frequency (0.16 Hz), above flagpole frequency. Given a one foot harmonic displacement in the upper part of the riser, the wellhead stress will be around 6.0 ksi at 0.16 Hz. The same harmonic displacement at frequencies of 0.1 Hz and 0.25 Hz result in wellhead stresses of 2.0 and 0.7 ksi, respectively. The presence of the valley near 0.3 Hz in the modal stress is due to the fact that the wellhead hotspot region is near an inflection point (zero curvature point) for mode shapes with natural frequencies around 0.3 Hz.
As discussed in references [5, 8] , the flagpole natural frequency is highly influenced by soil stiffness and BOP size and weight. Large, massive 6 th generation BOP stacks tend to reduce the flagpole natural frequency into a region of the frequency band with higher wave energy. The flagpole natural frequency can be increased or decreased to some extent by increasing or decreasing riser tension.
Recall that VIV is self-limiting with maximum displacement typically less than one diameter in the region of excitation. From this fact coupled with the preceding discussion, it can be surmised that the presence of the peak in the modal stress ( Figure 8 , lower left plot) causes the submerged current induced vibrations in the 0.02-0.11 Hz band to contribute significantly to wellhead stress and fatigue. Similarly, the presence of the valley results in the surface current induced vibrations with frequencies near 0.3 Hz to be relatively benign for stress and fatigue damage in the wellhead. However, vibration frequencies near 0.2 Hz due to surface currents can lead to significant wellhead fatigue, since they are closer to the peak.
It is important to keep in mind that the reference location where motion is measured is on the BOP stack above the wellhead, rather than near the source of excitation. For this reason, the TFs in Figure 2 and Figure 3 do not exhibit a peak around the flagpole frequency. This is due to the fact that both stress and acceleration exhibit a peak, due to the large BOP stack motion. The effect is divided out when taking the ratio to compute the TF (curve in the lower plot in Figure 8 (left) divided by the curve in the upper with appropriate sign). However if the reference sensor was located in the upper part of the riser, the peak would appear in the TF.
In contrast to the fairly complex relationship of wellhead stress and fatigue to frequency, riser stress and fatigue generally increase with frequency (holding the amplitude of oscillation fixed). This is due to the fact that modal curvature increases with mode number. It can then be stated that riser fatigue damage generally increases with current speed (Strouhal frequency) while the BOP/wellhead/casing system is tuned and therefore exhibits a much higher damage rate when excited near the flagpole frequency. Calibration of SHEAR7 Parameters and Analysis of Data from SVDL Deployment Two SVDL data collected during deployment one was used to calibrate SHEAR7 parameters. Importantly, the power cutoff ratio had to be reduced to near zero (0.01) in order to include the modes excited by the submerged currents that dominate wellhead fatigue. Using the typical setting of 0.5-0.7, the wellhead damage would be severely under predicted, as the lower frequency modes would be dropped from the computations. In addition, the maximum lift coefficient was adjusted such that the predicted gravity-adjusted accelerations matched measured values well. Other SHEAR7 parameters (e.g., damping coefficients and Strouhal frequency) were investigated, but it turned out that the standard values used for analysis were appropriate.
The SVDLs were redeployed with new batteries early in month two of the drilling operation. Battery power began to runout in the middle of month three. Only intermittent data was available from the 14 th to the 20 th in month three. ADCP current and predicted shedding frequencies during month three are provided in Figure 9 . The ring current had moved out of the area by this time and the surface current was found to be quite low. Nevertheless, a second submerged current event occurred, culminating between the 16 th and the 26 th of month three (when SVDL batteries were low). Shedding frequencies near 0.12 Hz indicate that vibrations will occur at frequencies fairly near the peak in Figure 8 (left), leading to significant stress and fatigue damage in the wellhead. Since the SVDL data was only available sporadically during the second submerged current event, SHEAR7 analysis was used to predict wellhead fatigue damage. The value of maximum lift coefficient obtained from calibrations with SVDL data during deployment one was used. Predicted gravity-adjusted accelerations from SHEAR7 analysis are compared to measured accelerations from two of the SVDLs in Figure 10 . The tick marks on the x-axis are labeled as month/day, where month is month 1, 2 or 3 of the drilling operations. It can be seen that the SHEAR7 predictions match the SVDL measurements extremely well, giving confidence in the analytical predictions during the second submerged current event.
Fatigue Damage Reconstruction
Normalized wellhead fatigue damage rates over the entire riser deployment period are provided in Figure 11 . It can be observed that the damage rates increased dramatically during the first submerged current event (1/9 -1/20). Damage rates became high again from 1/30 to 2/5 as the surface current decreased, causing the shedding frequency to pass through the flagpole natural frequency. Damage rates became high again during the second submerged current event (3/10 -3/28). During this time, damage rates were calculated using SHEAR7 and were verified using damage rates computed from the intermittently available SVDL data when the battery power was low.
Fatigue damage was also reconstructed in the drilling riser using the data from the SVDLs attached to the riser. The method of reference [11] was modified to allow for asynchronous data measured using the stand-alone SVDL data acquisition systems. Shear7 analysis was used when SVDL data was not available. The fatigue damage rate at the riser fatigue hotspot, 171.7 ft above the mud line, is provided in Figure 12 , along with current speed (when available). Normalized cumulative damage over the riser elevation is provided in Figure 13 .
Cumulative fatigue damage was an order of magnitude larger on the wellhead than on the riser over the riser deployment period. Higher wellhead fatigue life consumption was due to a high Stress Amplification Factor (SAF) in the HPH, coupled with the presence of lower-speed submerged current over a significant portion of the riser, exciting modes fairly near the flagpole natural frequency. 
Summary and Conclusions
A semi-analytical method was provided for direct use of measured BOP stack motions to estimate wellhead stress and fatigue damage. The method employs analytical stress over motion transfer functions, derived from mode shapes of a verified finite element model of the conductor/wellhead/BOP/riser system, in conjunction with the measured motions of the BOP stack.
The method was then rolled into a scheme for reconstructing the wellhead fatigue over the entire duration of drilling operations. Measured BOP stack motion data is used directly with the appropriate transfer function for the measured values of top tension and mud weight. When motion data is not available, analytical predictions using calibrated SHEAR7 analysis are used. SHEAR7 parameters are first calibrated such that the predicted motions of the riser and BOP stack match the measured motion during the entire time period when measured motions are available.
A recent drilling campaign in a region of strong surface current and moderate submerged current provided an opportune setting for application of the method. Wellhead fatigue damage was reconstructed over the entire duration at the well site. Riser fatigue damage was also reconstructed directly from measured acceleration data by modifying a method previously developed to allow for asynchronous data at each measurement station. Again, calibrated SHEAR7 analysis was used when riser motion data was not available. Estimates of displacement near the mud line from ROV video served as an independent check of the results. Due to the fatigue damage reconstruction effort, drilling operations were safely conducted despite a very arduous current environment and marginal pre-deployment fatigue predictions.
Fatigue damage in the wellhead and riser were found to be primarily due to VIV. The riser fatigue damage was dominated by higher frequency excitation (0.18-0.30 Hz) due to strong surface currents of 3.0-5.0 knots, while wellhead fatigue damage was dominated by lower frequency excitation (0.02-0.11 Hz) due to moderate submerged currents of 0.5-1.5 knots. It was demonstrated that wellhead stress and fatigue is sensitive to excitation near the flagpole natural frequency of the BOP/wellhead/casing subsystem. In contrast, riser stress and fatigue generally increase with frequency of excitation, due to increased modal curvatures.
The presence of the submerged current, which extends down to 2500 ft, may require a revised strategy for fairing placement. Typically, fairings are placed near the top of the drilling riser to suppress vortex shedding due to strong surface currents, thereby reducing fatigue consumption in the riser as well as riser and flex-joint angles. However, the presence of lower speed submerged currents that are damaging for the wellhead may require fairings to be shifted deeper into the water column. This results in more suppression of vortex shedding due to deep currents, and less suppression of vortex shedding due to surface currents, since fairing coverage is limited by the number of fairings available. Fairing coverage must maintain the proper balance between managing wellhead fatigue and managing riser fatigue/angles. This requires accurate knowledge of fatigue details, such as weld and connector properties as well as suppression efficiency of fairings.
The most challenging aspect of VIV analysis is converting currents to riser/wellhead vibrations, due to the complex fluidstructure interaction. Empirical relationships from scale model testing are used to bound excitation force and damping in a conservative manner in design and analysis software. The SVDLs measure motions directly, thereby circumventing the difficulties associated with fluid-structure interaction. Measured motion data can be used directly in riser/wellhead fatigue assessment during a drilling campaign and/or used to calibrate the many empirical parameters employed in predictive
